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Abstract

Because of rapid urbanization, more and more buildings are constructed closer to roadsides than they used to be. This

gives rise to some environmental problems, for traffic-induced ground vibration deteriorates the human comfort in

neighbouring buildings and affects the normal operation of nearby high-tech facilities. This paper presents a framework

for quantifying traffic-induced building vibration in a stochastic way. Vehicle distribution along a roadway is first

simulated based on vehicle spacing distribution and vehicle-type distribution. In consideration of buildings in proximity to

the roadway, not only Rayleigh waves but also body waves induced by moving vehicle forces are included in the

determination of the frequency-response function of a half-space. The combination of the moving force spectra with the

frequency-response function of the half-space then leads to evolutionary ground spectra. The framework further provides a

method for deriving the evolutionary spectra of a building to the evolutionary ground spectra. The proposed framework is

finally applied to a typical three-dimensional high-tech facility, in which the effects of both a single heavy truck and a two-

way traffic flow on building vibration are investigated. The results show that traffic-induced ground vibration impedes the

normal operation of the high-tech facility.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Owing to rapid urbanization and high-density development of infrastructures in urban districts, more and
more buildings are constructed closer to roadway or railway than they used to be. This brings out some
environmental problems because traffic-induced ground motions may cause neighbouring buildings vibrate,
deteriorate human comfort, and affect the normal operations of high-tech facilities. Many investigations have
therefore been conducted to ascertain the mechanism of traffic-induced ground motion and its effects on
human comfort and sensitive equipment in buildings [1–11].

The mechanism of generation and transmission of traffic-induced ground vibration is complex in nature.
The theoretical and numerical methods such as wave propagation theory, finite element method, and
boundary element method were employed to simulate ground vibrations due to highway or railway traffic.
Auersch [1] employed a method of numerical integration in the wavenumber domain to calculate the wave
ee front matter r 2007 Elsevier Ltd. All rights reserved.
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field of horizontally layered soil. Hanazato and Ugai [2] used a finite element method to simulate ground
vibrations transmitted from a road on a layered site subjected to harmonic forces. Based on the dynamic
substructure method, the boundary element method was utilized to deal with the numerical modelling of free
field vibrations induced during the passage of a vehicle [3–5]. The random vibration methods were also used to
calculate the power spectra of road vehicle-induced ground vibration based on the assumption that vehicles
were sufficiently closely spaced so that ground vibration could be considered to be a stationary random
process [6,7]. By adopting the same assumption but using a single-axle two-degrees-of-freedom vehicle model,
Hao and Ang [8] derived a closed-form solution for the power spectrum of traffic-induced ground vibration.
Hao et al. [9] then analysed dynamic responses of five hypothetical two-dimensional reinforced concrete
structures subjected to field measured ground motions caused by a normal road traffic flow. Watts and Krylov
[10] even derived empirical relations for advisable minimum distances of buildings to roads on different types
of soil by studying ground-borne vibrations due to the passage of different types of vehicles at various speeds
on several types of road unevenness. Nevertheless, only Rayleigh waves were considered in the preceding
studies when deriving the frequency-response functions for a half-space with the assumption that the motion
felt on the surface of the half-space at a large distance from the applied impulse is due mostly to the
propagation of Rayleigh waves. These studies are well suited to ascertaining road traffic-induced ground
motions as well as building vibrations in the frequency domain when the ground motions and building
vibrations concerned are at a distance significantly greater than the mean vehicle spacing and the assumptions
of the stationary ground motion and stationary building responses can be accepted [3,7,8].

This study concerns road traffic-induced vibrations of buildings and high-tech facilities in proximity to
roadways. The effects of body waves (shear and compressive waves) on ground vibrations should not be
ignored. This study not only concerns a single heavy truck but also a traffic flow on a multi-lane roadway. The
ground motions due to road traffic are non-stationary and the evolutionary ground motion spectra should be
determined as the level of vibration rises and falls with passages of vehicles. Furthermore, most of the previous
studies focus on traffic-induced ground motion, and traffic-induced building vibrations are less investigated.
This paper aims at presenting a framework for quantifying traffic-induced building vibration in a stochastic
way. Vehicle distribution along a roadway is first simulated based on vehicle spacing distribution and vehicle-
type distribution. In consideration of buildings in proximity to the roadway, not only Rayleigh waves but also
body waves induced by moving vehicle forces are included in the determination of the frequency-response
function of an elastic half-space. The combination of the moving force spectra with the frequency-response
function of the half-space then leads to evolutionary ground response spectra. The framework further provides
a method for deriving the evolutionary spectra of building responses from the evolutionary ground spectra.
The proposed framework is finally applied to a typical three-dimensional high-tech facility, in which the effects
of both a single heavy truck and a two-way traffic flow on building vibrations are investigated. To assess the
performance of the high-tech facility against traffic-induced ground vibrations, the Bolt, Beranek and
Newman (BBN) criteria [12], which are widely adopted for the assessment of stationary environmental
vibration problems, are extended in this study for the evolutionary spectra of building responses.
2. Traffic flow simulation

This study concerns traffic-induced vibration of a building in proximity to a busy multi-lane road. The
spacing between two adjacent vehicles in one lane may not be large enough to allow considering the worst case
of a single vehicle passage only with confidence. It is also possible in practice that vehicle queues on two or
more lanes pass by the investigation point in either same or opposite directions at almost the same time.
Therefore, the traffic flow or vehicle distribution along a multi-lane road is simulated in this section so that the
building responses due to different types of excitation such as a single heavy truck and a two-way traffic flow
could be investigated.

By assuming the random Gaussian vehicle spacing about a mean value and the random Gaussian vehicle
mass distribution about a mean value with a standard deviation, Hunt [6] presented a single-axle vehicle
distribution along a roadway. The mass ratio, characteristic frequencies and damping ratio of all types of
vehicles on a given road were assumed to be the same. To refine this model for considering buildings in
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proximity to roadside, the vehicle spacing distribution used in this study is based on a Poisson arrival process
[13] while vehicle-type distribution is given by a statistical analysis with reference to Refs. [8,14].
2.1. Vehicle spacing distribution

By assuming that one lane traffic flow is expedite without the influence of traffic signals and other
factors which may result in traffic congest and the traffic flow density (the number of vehicles passing by
within unit time) can be deemed invariant within the simulation period of ground motion, the number of
vehicles arriving at a fixed point within a duration [0, t] can then be described by the Poisson distribution
function:

Pðn ¼ NÞ ¼
ðltÞN

N!
expð�ltÞ, (1)

where l is the flow density and N the number of vehicles arriving at the concerned point during the time
interval [0, t]. By assuming that all vehicles in one lane run at a constant velocity V, Eq. (1) yields the vehicle
spacing distribution function as

PðDS1psÞ ¼ 1� exp �l
s

V

� �
(2)

in which V is the traffic flow velocity and DS1 is the spacing between two adjacent vehicles. For safety reason,
the vehicle spacing DS1 should not be less than a threshold value Dd. Accordingly, the function described by
Eq. (2) should be modified as

PðDS1psÞ ¼
1� exp �

l
V
ðs� DdÞ

� �
ðsXDdÞ;

0 ðsoDdÞ

8><
>: (3)

in which Dd ¼ VDtr and Dtr is the minimum reaction time allowed for a driver. In the following analysis, Dd is
taken as a constant value for a given constant traffic flow velocity.
2.2. Vehicle-type distribution

In this study, the vehicle-type distribution is determined based on the statistical analysis of traffic records
from a particular roadway within a period [0, t]. All vehicles running on the road are approximately classified
into five types: car, minibus, bus, truck, and heavy truck. The characteristics of vehicles in each type are
assumed to be the same and listed in Table 1 with reference to the information provided in Refs. [8,14]. The
characteristics of vehicles listed in Table 1 include weight, mass ratio, body-bounce frequency, body-bounce
damping ratio, wheel-hop frequency, and wheel-hop damping ratio. Based on traffic surveying records,
the occurrence probability and its corresponding probability distribution function of vehicle type within the
Table 1

Vehicle types and properties

Weight (t) Mass ratio Fb (Hz) xb Fh (HZ) xh

Car 2 0.15 1.5 0.05 10 0.3

Minibus 10 0.15 1.7 0.07 10 0.3

Bus 20 0.15 1.7 0.07 11 0.3

Truck 25 0.15 1.5 0.04 8 0.3

Heavy truck 32 0.15 2.0 0.04 17 0.3



ARTICLE IN PRESS
Y.L. Xu, X.J. Hong / Journal of Sound and Vibration 313 (2008) 149–170152
concerned time period can be expressed as

f ðTe ¼
0 car0Þ ¼ p1;

f ðTe ¼
0 minibus0Þ ¼ p2;

f ðTe ¼
0 bus0Þ ¼ p3;

f ðTe ¼
0 truck0Þ ¼ p4;

f ðTe ¼
0 heavy truck0Þ ¼ p5;

PðTeÞ ¼

p1; Te 2 c;

p1 þ p2; Te 2 c [m;

p1 þ p2 þ p3; Te 2 c [m [ b;

p1 þ p2 þ p3 þ p4; Te 2 c [m [ b [ t;

1; Te 2 c [m [ b [ t [ h;

8>>>>>><
>>>>>>:

8>>>>>><
>>>>>>:

(4)

where Te stands for vehicle type, and c, m, b, t, h represents car, minibus, bus, truck, and heavy truck,
respectively.

2.3. Vehicle distribution along a roadway

This study assumes that vehicle spacing and vehicle type are independent of each other. The vehicle
distribution along a roadway can be numerically generated by the method described as below. Draw a line
perpendicular to the roadway through the investigated point (building location) to have point o and then take
point o as the origin point, as shown in Fig. 1. The coordinate xo of the first vehicle is assumed to be evenly
distributed within the section [�(1/2)E(S)(1/2)E(S)] and determined by

xo ¼ U � 1
2

� �
EðsÞ (5)

in which E(s) is the mean value of the vehicle spacing equal to Dd þ V=l; and U is the random variable evenly
distributed within the range [0 1]. The vehicle spacing between two adjacent vehicles can be generated using the
inverse transform of Eq. (3) [15]:

DS1 ¼ V
logð1�UÞ

�l̄
þ Dd . (6)

With reference to the coordinate xo and the spacing of the adjacent vehicles, the coordinates of other
vehicles can be deduced by

x1 ¼ xo þ DS1; x�1 ¼ xo � DS�1;

..

.

xm ¼ xm�1 þ DSm; x�n ¼ x�nþ1 � DS�n:

8>><
>>: (7)

The vehicle queue length simulated in the roadway should be long enough so that the movement of the
vehicles at the two ends of the traffic flow will not significantly affect the traffic-induced ground motion at the
investigation point. Once the vehicle queue in the roadway is determined, the type of vehicle can be assigned to
ΔS4 ΔS3 ΔS2 ΔS1 ΔS-1 ΔS-2 ΔS-3
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F2

F1
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Fig. 1. Coordinate system for describing vehicle-induced ground motion.
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each vehicle position. This is done by generating a random variable U evenly distributed within the range [0 1]
and then determining the vehicle type according to U and Eq. (4). For instance, if U satisfies the condition
P1+P2oUpP1+P2+P3, the vehicle type is ‘‘bus’’. After the vehicle distribution along the roadway is
completely generated, all the vehicles in the queue are assumed to move together at a constant velocity V. This
method can be applied to each lane in a road to simulate two or more vehicle queues in either the same
direction or the opposite direction.
3. Vehicle-induced ground vibration

3.1. Vehicle-induced force spectra

Various vehicle models have been developed to analyse vehicle response and assess vehicle performance.
Since the primary concern in the present study is to calculate vehicle force-induced ground motion other than
the assessment of vehicle performance, the simplest single-axle two-degrees-of-freedom vehicle model, as
shown in Fig. 2 and used in the literatures [6,8], is employed to facilitate the consideration of traffic flow-
induced ground motion. The equation of motion of a vehicle in the traffic flow is given as

m1 0

0 m2

" #
€x1

€x2

" #
þ

c1 �c1

�c1 c1 þ c2

" #
_x1

_x2

" #
þ

k1 �k1

�k1 k1 þ k2

" #
x1

x2

" #
¼

0

c2 _yþ k2y

" #
, (8)

where x1 and x2 are the displacement responses of the vehicle body and the axle, respectively; y is the
road surface roughness; m1 and m2 are the masses of vehicle body and wheel (plus tyre), respectively; k1 and k2
are the vehicle suspension and tire spring constants, respectively; and c1 and c2 are the vehicle suspension and
tire damping constants, respectively. The power spectral density (PSD) function of the vehicle force is then
given by

Sff ðoÞ ¼
1

V
Sd

o
2pV

� �
jHfd ðioÞj2, (9)

where Hfd (io) is the frequency-response function of vehicle force to road surface roughness, which can be
denoted by Hfd (io) ¼ m1o

2[X1(io)+mX2(io)]; i is the imagination unit equal to
ffiffiffiffiffiffiffi
�1
p

; m is the mass ratio
m2/m2; X1 and X2 are the frequency transformation of x1 and x2, respectively; and Sd is the displacement PSD
function of the road surface roughness [16]. This study assumes that the correlation between moving vehicle
forces due to the road surface roughness is insignificant. Thus, the traffic flow-induced ground motion is the
summation of the ground motion induced by each vehicle in the traffic flow.
m1

x1

k1 C1
x2

m2

C2k2

Fig. 2. Single-axle vehicle model.



ARTICLE IN PRESS
Y.L. Xu, X.J. Hong / Journal of Sound and Vibration 313 (2008) 149–170154
3.2. Half-space frequency-response function

Consider one single harmonic point force Fo(t) ¼ Fo exp(iot) acting vertically on the surface of a half-space
at a coordinate xo from the origin o producing a disturbance within the half-space (see Fig. 1). The distance
between the applied force and the investigation point (building location) is r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

o þ a2
p

, in which a is the
perpendicular distance of the investigation point to the roadway. The radial and vertical components of the
surface displacements at the investigation point in response to Fo(t) are denoted, respectively, by
q(r, t) ¼ q(r)exp(iot) and w(r, t) ¼ w(r) exp(iot). The corresponding frequency-response functions can be
written as

Hqf ðr;oÞ ¼ qðrÞ=F ;

Hwf ðr;oÞ ¼ wðrÞ=F :

(
(10)

Disturbances within a homogenous, isotropic half-space propagate through the body of the half-space as
body waves and along the surface as Rayleigh waves. The general formulae of the surface displacement
responses, including the effects of both body waves and Rayleigh waves, to a vertical harmonic point force can
be found in Ref. [17], but the general solution could not be found because of the singularity in the general
formulae. It is well known that body waves generally decay inversely as the square of the distance from the
point of excitation while Rayleigh waves decay inversely as the square root of the distance. The surface
response will therefore be progressively dominated by Rayleigh waves as the distance from the excitation point
increases. When the investigation point is far away from the excitation point as concerned in most of the
previous studies, the surface displacement responses considering Rayleigh waves only can be accepted and the
solution of frequency-response functions for this case can be found in Ref. [8]. When the investigation point is
close to the excitation point or in the near field as concerned in this study, only considering Rayleigh wave
effects may lead to the underestimation of the response. Holzlohner [18] overcame the difficulties due to the
singularity in the general formulae presented in Ref. [17] by choosing an appropriate method of superposition
and found out the solution for the surface displacement responses including the effects of both Rayleigh waves
and body waves:

qðr; tÞ ¼
Fo expðiotÞ

Gr
pqðr; ioÞ;

wðr; tÞ ¼
F o expðiotÞ

Gr
pwðr; ioÞ

8>><
>>: (11a)

in which Pq and Pw are denoted, respectively, by

pq ¼
ir̄k

2
BH

ð2Þ
1 ðr̄kÞ þ

ir̄

p

Z 1

h

x2ð2x2 � 1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 � h2
p

ð2x2 � 1Þ4 þ 16ðx2 � h2
Þð1� x2Þx4

H
ð2Þ
1 ðr̄xÞdx

 !
, (11b)

pw ¼ 8

Z 1

h

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2
p

ðx2 � h2
Þx2

ð2x2 � 1Þ4 þ 16ðx2 � h2
Þð1� x2Þx4

fðr̄xÞdx

 !

þ 2

Z h

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2
� x2

p
ð2x2 � 1Þ2 þ 4x2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh2
� x2Þð1� x2Þ

q fðr̄xÞdx

0
B@

1
CA

þ
2pð2k2

� 1Þ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2
� h2

p
8kð1� ð6� 4h2

Þk2
þ 6ð1� h2

Þk4
Þ
fðr̄kÞ, ð11cÞ

where G is the shear modulus of the soil medium, k the real root of equation ð2x2 � 1Þ2�

4x2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � h2

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � 1
p

¼ 0, h the ratio of the shear wave velocity to the compressive wave velocity, defined
as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 2vÞ=ð2� 2vÞ

p
, v the Poisson ratio of soil medium; r̄ is the dimensionless frequency defined as or/Cs, Cs

the shear wave velocity of the half-space, H1
(2) the Hankel function of second kind and first order, and the
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function fðr̄xÞ and the value B can be found in Ref. [18]. Holzlohner [18] pointed out that the function pw can
be used up to r̄ ¼ 40, beyond which the solution for far field can be used.

With the radial displacement resolved into its Cartesian components, the frequency-response functions of
the horizontal displacement components u and v can be obtained:

Huf ðr;oÞ ¼
�x0

r
Hqf ðr;oÞ;

Hvf ðr;oÞ ¼
a

r
Hqf ðr;oÞ:

8><
>: (12)

The preceding frequency-response functions are derived without considering soil damping. By considering
hysteretic damping, which is commonly used to model soil energy loss in previous studies, the frequency-
response function of a damped system can be obtained from that of an elastic system by writing the elastic
moduli as complex quantities [8]. For instance, Eq. (11) can be used to approximately include the effect of soil
damping by replacing G by Ḡ ¼ Gð1þ 2ixÞ and Cs by C̄s ¼ Cs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ix
p

where x is the damping ratio of soil.

3.3. Evolutionary spectra of ground motion

In this study, buildings or high-tech facilities at the investigation point are in proximity to the roadway. The
ground vibration caused by the road traffic at the investigation point cannot be considered as a stationary
random process, for the distance of each vehicle force to the investigation point varies with time as the N

vehicle forces move forward. Therefore, when N vehicle forces F1, F2,y,FN act on the road, the power
spectra of the ground surface displacement at the investigation point due to N vehicle forces vary with time,
leading to the evolutionary power spectra:

SRiRj
ðo; tÞ ¼

XN

k¼1

H�Rif k
ðxk; tÞHRjf k

ðxk; tÞSf kf k
ðoÞ ðRi;Rj ¼ u; v;wÞ, (13)

where xk(t) is the coordinate of vehicle force Fk(t), HRjf k
ðxk; tÞ is the frequency-response function of Rj to the

kth vehicle force (see Eqs. (10) and (12)), the superscript * in Eq. (13) signifies the complex conjugate, Sf k f k
ðoÞ

is the power spectrum of the kth vehicle force Fk(t) (see Eq. (9)). The initial coordinates of the N vehicle forces
at the time t ¼ 0 can be generated in terms of Eqs. (6) and (7) together with the vehicle distribution along the
roadway. As a result and considering a multi-lane road, the coordinate of the kth vehicle in the ith lane at
time t can be deduced by xk,i(t) ¼ xk,i(0)+Vit, where xk,i(t) is the coordinate of the kth vehicle in the ith lane at
time t and Vi is the traffic flow velocity on the ith lane.

4. Traffic-induced building vibration

4.1. Evolutionary spectra and building responses

Since traffic-induced ground motions are time dependent and described by evolutionary spectra, traffic-
induced building responses are also estimated in the frequency domain in terms of evolutionary spectra and
variance in this study. Considering that the performance of a high-tech building against traffic-induced
vibration is often assessed in terms of the absolute velocity responses of building floors [12], the equation of
motion of the building with multiple supports subjected to ground motion is first established in the absolute
coordinate in partitioned form and the second of the two partitioned equations is then selected to form the
following governing equation of motion for the superstructure of the building [19]:

M €xþ C _xþ Kx ¼ �Mt
s €xs � Ct

s _xs � Kt
sxs, (14)

where xs is the absolute displacement vector of the building supports, x is the absolute displacement of the
building, Ms, Cs, Ks are the mass, damping, and stiffness matrix, respectively, of the building supports, M, C,
K are the mass, damping, and stiffness matrix, respectively, of the building, t denotes the transpose of a
matrix. All the mass, damping, and stiffness matrices can be determined from the properties of the building
using the conventional finite element method. Assume that the building foundation is rigid and the building
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supports are subjected to the same ground motion in the x-, y- and z-direction, respectively. The displacement
of building supports can be expressed as xs ¼ T [u,v,w]t, where u, v, w are the ground displacements in the
x-, y- and z-direction, respectively, and T is the transformation matrix converting the ground motions to
the support motions:

T ¼

1 0 0 0 0 0 . . . 1 0 0 0 0 0 . . .

0 1 0 0 0 0 . . . 0 1 0 0 0 0 . . .

0 0 1 0 0 0 . . . 0 0 1 0 0 0 . . .

2
64

3
75
t

. (15)

To facilitate the performance assessment of a high-tech facility subject to traffic-induced vibration, the
motion of the superstructure is reformulated in state space form as

_y ¼ Ayþ BE;

v ¼ Sy

(
(16)

in which y is the state vector denoted by y ¼ ½x; _x�t, v the selected building velocity response vector, and S

the corresponding selection matrix. The impulse response matrix immediately follows H(t) ¼ S exp(At)B, and
the absolute velocity response vectors are then given by

vðtiÞ ¼

Z ti

0

Hðti � siÞEðsiÞdsi ði ¼ 1; 2Þ. (17)

Let us find the absolute velocity response vk of the building at the kth dof. The selection matrix S is then
denoted as S ¼ ½0

1
; 0
2
; . . . 0

k
; . . . 0

n
; 0

nþ1
; 0; . . . 1

nþk
; . . . 0

2n
� in which n is the number of degrees of freedom of the

building. The autocorrelation function of the velocity response vk is then given as

Eðvkðt1Þvkðt2ÞÞ ¼

Z t2

0

Z t1

0

Hðt1 � s1ÞEðEðs1ÞE
tðs2ÞÞH

tðt2 � s2Þds1 ds2

¼

Z 1
�1

X
l

X
j

Z t1

0

Z t2

0

hklðt1 � s1Þ expð�ios1Þhkjðt2 � s2Þ

� expðios2ÞSljðo; s1; s2Þds1 ds2 do ð18Þ

in which hkl is the impulse response function at the kth dof of the building due to a unit ground impulse in the
lth direction, and Sij(o, s1, s2) (l; j ¼ u; v;w; _u; _v; _w; €u; €v; €w) is the cross-spectrum of the lth and jth ground
motion components. For a non-stationary process such as traffic-induced ground displacement discussed in
this study, the Riemman–Stieltje integral [20] can be extended to

gðtÞ ¼

Z 1
�1

Agðo; tÞ expðiotÞdgðoÞ ðgðtÞ ¼ u; v;wÞ (19)

in which Ag(o,t) is the definite modulation function depending on frequency and time. Accordingly, the
traffic-induced ground velocity and acceleration can be expressed as

_gðtÞ ¼
R1
�1

Bgðo; tÞ expðiotÞdgðoÞ ¼
R1
�1
ð _Agðo; tÞ þ ioAgðo; tÞÞ expðiotÞdgðoÞ;

€gðtÞ ¼
R1
�1

Cgðo; tÞ expðiotÞdgðoÞ ¼
R1
�1
ð _Bgðo; tÞ þ ioBgðo; tÞÞ expðiotÞdgðoÞ

(
(20)

in which Bg and Cg denote the modulation functions of ground velocity and acceleration, respectively. The
evolutionary cross-spectra of ground motions in Eq. (18) can therefore be expressed as

Sljðo; t1; t2Þ ¼M�
i ðo; t1ÞMjðo; t2ÞSgl gj

ðoÞ ðgl ; gj ¼ u; v;wÞ (21)

in which Mi is the modulation function of the lth component of ground motion, which could be Ag, Bg, or Cg

depending on the type of the lth component, and Sgl gj
ðoÞ is the cross-spectrum of the ground displacement at

t ¼ 0. Substituting Eq. (21) into Eq. (18) and letting t1 ¼ t2 ¼ t yields the time-varying variance of the velocity
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response vk:

Eðv2kðtÞÞ ¼

Z 1
�1

X
l

X
j

Z t

0

hklðt� s1ÞM
�
l ðo; s1Þ expð�ios1Þds1Þ,

Z t

0

hkjðt� s2ÞMjðo; s2Þ expðios2Þds2

� �
Sgl gj
ðoÞdo. ð22Þ

The evolutionary spectrum of the velocity response vk(t) is given by

Svk
ðo; tÞ ¼

X
l

X
j

H�klðo; tÞHkjðo; tÞSgl gj
ðoÞ (23a)

in which

H�klðo; tÞ ¼
Z t

0

hklðt� s1ÞM
�
l ðo; s1Þ expð�ios1Þds1, (23b)

Hkjðo; tÞ ¼
Z t

0

hkjðt� s2ÞMjðo; s2Þ expðios2Þds2. (23c)

4.2. Modulation function

The modulation function of the evolutionary spectrum depends on both time and frequency. The explicit
closed form of the modulation function of the evolutionary spectrum of traffic-induced ground motion is
difficult to obtain. An approximate numerical approach is thus used in this study to compute the modulation
function of the evolutionary spectrum. It is noted from Eq. (20) that the modulation functions of ground
velocity and acceleration can be determined if the modulation function of the ground displacement is known.
The first step in the numerical approach for determining the modulation function of the ground displacement
is to divide the frequency range [0 ou] into n equal intervals Do by means of points 0 ¼ o0oo1oo2

o?oon–1oon ¼ ou, in which ou is the upper limit of the excitation spectrum Sgjgj
ðoÞðj¼u;v;wÞ and Do is equal

to of–of– 1 (f ¼ 1,2,y, n). Within each interval [of–of– 1], Sgjgj
(o) is assumed to vary linearly. The second step

is to compute the ground displacement spectra Sgjgj
ðof ; tÞ based on Eq. (13) for a given time and given

frequency. Finally, the modulation function of Sgj gj
ðoÞ at the given time and frequency can be approximately

expressed by

Agj
ðof ; tÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sgjgj
ðof ; tÞ

Sgjgj
ðof ; 0Þ

s
. (24)

Repetition of the above steps for other frequencies and times yields the completed modulation function. Then,
the modulation functions of the ground velocity and acceleration could be approximately calculated in terms
of Eq. (20) with a simple difference method.

4.3. Application of BBN criteria

The BBN vibration criteria, in which the velocity response is adopted as a basis for estimating the
microvibration level, are often used in assessing the environment influence upon the high-tech facilities. The
one-third octave spectrum of any stationary velocity response time history _xðtÞ can be expressed as

_X 1=3ðncÞ ¼
X1:12nc

0:89nc

j _X ðnÞj2Dn

 !1=2

, (25)

where _X is the FFT transform of the stationary velocity response, _X 1=3 the one-third octave spectrum, n the
frequency in Hz, Dn the resolution of FFT, and nc the centre frequency given by nc ¼ 2m=3 (m is a positive
integer). The application of BBN criteria often refers to stationary response, but the traffic-induced building
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response in this study is non-stationary. In view of the fact that Eðj _X ðnÞj2Þ equals the power spectrum S _xðnÞ of
the velocity response _xðtÞ, j _X ðnÞj2 in Eq. (25) could be replaced by the evolutionary spectrum S _xðn; tÞ so that
Eq. (25) can be modified as

_X 1=3ðnc; tÞ ¼
X1:12nc

0:89nc

S _xðn; tÞDn

 !1=2

. (26)

5. Case study

This case study concerns a three-storey high-tech building located in proximity to a two-way one-lane
roadway. The distance between the geometric centre of the building and the central line of the inner lane is
about 35 and 42m for the outer lane. The effects of traffic-induced ground motions on the normal operation
of sensitive equipment housed in the building need to be assessed. In this connection, the spectra of both road
roughness and vehicle force are first determined in accordance with the conditions of the concerned roadway
and the traffic. The vehicle distribution along the roadway is generated in terms of the statistics of surveying
data of vehicles running on the roadway. The frequency-response functions of the ground motions are
determined based on the estimated soil properties, and the evolutionary spectra and modulation functions of
the ground motions are then obtained and applied to the three-dimensional high-tech building. The effects of
traffic-induced ground motions on the normal operation of sensitive equipment are finally assessed by
comparing the computed velocity response spectra of the building floor with the modified BBN vibration
criteria. Traffic-induced ground motions considered in the case study comprises both a single heavy truck and
a traffic flow.

5.1. Road profile spectra and vehicle force spectra

The roadway concerned is a two-way one-lane asphalt roadway and the road condition can be
approximately classified as level B as defined in ISO 8608 [16]. The relevant road parameters are 0.1 for the
reference spatial frequency n0 (cycles/m), 2 for the power exponent, and 64� 10�6 for the amplitude of the
displacement PSD function Sd (n0) at n0. Fig. 3 shows the spectrum of the road profile as a function of
frequency in Hz by assuming that the velocity of the vehicles is 15m/s. Vehicles running on the roadway can be
classified as car, minibus, bus, truck, and heavy track. The dynamic parameters of each type of vehicles are
listed in Table 1 and taken from Refs. [8,14], in which m is the mass ratio m2/m1, Fb is the vehicle body-bounce
frequency, Fh is the wheel-hop frequency, xb and xb are the viscous damping ratios of vehicle body and wheel,
Fig. 3. Road profile spectrum.
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respectively. Fig. 4 presents the vertical force spectra of a car and a heavy truck subject to the road
profile excitation characterized by the spectrum plotted in Fig. 3, which illuminates that the force spectral
amplitude of the heavy truck is much greater than that of the car. There are two peaks in the vehicle force
spectrum, in which the first peak corresponds to the vehicle body-bounce frequency and the second peak is
related to the vehicle axle-hop frequency. Since the damping ratio of vehicle wheel is higher, the second
spectral peak is smaller.

5.2. Vehicle distribution along the roadway

The 20-min traffic records of vehicles running on one lane of the roadway are analysed and shown in
Table 2 for the number of vehicles from Monday to Saturday. The proportion of vehicle types is 42%
for car, 23% for minibus, and 12% for bus, 15% for truck and 8% for heavy truck. The average traffic flow
density l is taken as 2.7 per 10 s while the average velocity of the traffic flow is assumed to be 15m/s.
The minimum reaction time for the drivers is 1 s, and the minimum threshold of spacing Dd is then determined
as 15m.

By using the method proposed in Section 2, the vehicle distributions on the two lanes of the roadway are
generated and depicted in Fig. 5, in which the x-axis denotes the coordinates of vehicles in the queue while the
y-axis is labelled with ‘‘c’’, ‘‘m’’, ‘‘b’’, ‘‘t’’, ‘‘h’’ to represent the vehicle type: car, minibus, bus, truck, and heavy
truck, respectively. It is noted that the vehicles shown in Fig. 5(b) for the outer lane run in the opposite
direction of the vehicles shown in Fig. 5(a) for the inner lane. The length of the traffic flows generated on the
roadway is 1400m, the mean spacing between the adjacent vehicles is 45m and the total number of vehicles on
one lane is about 21.

5.3. Frequency-response function

The parameters of the soil medium around the investigation area are summarized as follows: the soil density
r is taken as 1800 kg/m3; the shear module G is 7.2� 107N/m2, the Poisson ratio v is 0.25; the soil damping
ratio x is presumed to be 0.05. Correspondingly, the shear wave velocity Cs is 200m/s; the compressive wave
velocity Cp is 340m/s; and the Rayleigh wave velocity CR is 195m/s. The frequency-response functions of the
vertical and radial components of ground displacement caused by one single vertical harmonic point force are
computed based on Eq. (11) for considering both body and Rayleigh wave effects. Figs. 6(a) and (b) depict the
modulus of the frequency-response functions of the half-space in the vertical direction and the radial direction
multiplied by a Gr as a function of the dimensional frequency r̄ ¼ or=Cs. It can be seen that within the lower
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Table 2

Traffic records of Ye Licks on the roadway

Time (a.m.) Mon Tue Wed Thu Fri Sat

8:50–8:55 70 104 104 106 107 41

8:55–9:00 87 96 84 86 91 63

9:00–9:05 86 81 85 87 82 84

9:05–9:10 91 88 25 90 86 71

Y.L. Xu, X.J. Hong / Journal of Sound and Vibration 313 (2008) 149–170160
dimensionless frequency range or the shorter radial distance range, the consideration of Rayleigh wave
effect only may underestimate the frequency-response function, in particular in the vertical direction. As the
dimensionless frequency or the radial distance increases, the frequency-response function with only the
Rayleigh wave effect included approaches that with both Rayleigh and body wave effects included.
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5.4. Evolutionary ground displacement spectra

In consideration that the high-tech building is in proximity to the roadway, the ground responses at the
investigation point caused by the vehicles running on the roadway are characterized by evolutionary ground
spectra. The evolutionary ground displacement spectra and the associated modulation functions due to only
one single heavy truck and one traffic flow are computed in this section in terms of Eqs. (13) and (24). The
velocities of the single heavy truck and the traffic flow both are taken as 15m/s. The vehicle distributions
shown in Figs. 5(a) and (b) are used to represent the traffic flow. For the case of one single heavy truck, only
the heavy truck on the inner lane as shown in Fig. 5(a) is considered. The vehicle parameters are listed in
Table 1. The duration of the evolutionary spectra and the modulation function is taken as 10 s, and the time
interval used in the computation is 0.02 s. The frequency range for the evolutionary spectra and the
modulation function is from 1 to 40Hz. The frequency interval used in the computation is 0.2Hz. The
evolutionary ground displacement response spectra in the z-direction (w-component) are shown in Fig. 7 for
the time instant of 2, 3, 6, and 10 s, respectively. As can be seen from Fig. 7(a), the amplitudes of the ground
displacement spectrum due to one single heavy truck at 6 s are larger than those at other times because the
heavy vehicle is passing by the investigation point at that time. The peak of the evolutionary ground spectrum
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caused by one single heavy truck occurs at the frequency of 2Hz, which coincides with the body-bounce
frequency of the heavy truck. For the case of traffic flow, it can be seen from Fig. 7(b) that two peaks occur at
the frequencies of about 1.5 and 2.0Hz, which correspond to the body-bounce frequencies of the vehicles. The
bandwidth of the ground response spectra caused by the traffic flow is wider than that due to the single heavy
truck. The peak value of the ground response spectra caused by the traffic flow is also higher than that due to
the single heavy truck. Fig. 8 plots modulation functions of the ground displacement spectra computed for the
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investigation point in the z-direction (w-component) for the dominant frequencies of 1.5, 2.0, and 2.5Hz. The
modulation functions depicted in Fig. 8(a) are for the case of the single heavy truck while those in Fig. 8(b) are
for the case of the traffic flow. It can be seen that the modulation functions for the case of single heavy truck
are less affected by the frequency but the modulation functions for the case of the traffic flow are obviously
frequency dependent within the concerned frequency range (1.5–2.5Hz).
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5.5. High-tech building and finite element modelling

For the three-storey high-tech building considered, its first and second stories are used as a double-level
subfab and its third storey is used as a clean room. The clean room sits on the second floor supported by a
series of columns that provide both the horizontal and vertical stiffness to the second floor. A vast quantity of
high-tech equipment is installed on the second floor. A long truss spans over the clean room to form the
building roof and to support mechanical equipment such as cranes for installation and maintenance. The
horizontal stiffness of the columns supporting the truss is much smaller than that supporting the second floor.
A finite element model with consistent mass matrix is established for the high-tech building, as shown in Fig. 9,
in which all the beams and columns are modelled by six-degree-of-freedom (6 dof) beam elements while the
floors are modelled by 24 dof shell elements, resulting in a total of 439 nodes and a total of 2634 dofs. The
dimensions of the finite element model of the building in plane and elevation are given in Fig. 10. The density
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and the modulus of elasticity of the concrete beams and columns are taken as 2700 kg/m3 and 3� 1010 Pa,
respectively. The average thickness of the first floor and the second floor are all 0.25m. The modal analysis
shows that the first natural frequency of 1.98Hz corresponds to the first lateral mode shape in the x-direction
whereas in the y-direction, the first natural frequency is 4Hz.

5.6. Traffic-induced building response

To gain a full insight into traffic-induced building vibration, the absolute velocity responses of the high-tech
facility due to the single heavy truck and the traffic flow are both studied in this section. Since the clean room
is located on the second floor of the building, the absolute velocity responses at the centre of the second floor
in the x-, y-, and z-direction are computed and discussed. The evolutionary velocity spectra are obtained in
terms of Eq. (23), in which the frequency ranges, the time durations together with their resolutions employed
are the same as used in the generation of the evolutionary ground motion spectra.

Figs. 11(a) and (b) present the evolutionary spectra of the absolute velocity at the centre of the second floor
of the building in the z-direction (the w-component) at the time instant of 2, 3, 6, and 10 s due to the single
heavy truck and the traffic flow, respectively. For the case of the single heavy truck, the significant variation of
the building velocity spectrum with time can be observed clearly from Fig. 11(a). At the 2nd second, the peak
value of the velocity spectrum is about 0.75� 10�9m2/s, but the peak value reaches approximately its
maximum value of 1.6� 10�9m2/s at the 6th second because the heavy truck passes by the building at that
instant. As the heavy vehicle runs away from the building, the peak value of the velocity spectrum reduces to
0.5� 10�9m2/s at the 10th second. The significant variation of the building velocity spectrum indicates a
remarkably non-stationary property. Also observed from Fig. 11(a) are two dominant frequencies around
2 and 13Hz, which correspond to the dominating frequency of the ground motion and the natural
frequency of the building in the vertical direction. The resonance of the second floor in the vertical direction is
therefore small.

For the case of the traffic flow, the two predominant frequencies in the evolutionary spectra remain the
same as those in the case of the single heavy truck, but the two maximum peak values of the spectrum are
much larger than those due to the single heavy truck. This is because the building response is caused by all the
vehicles passing nearby. The variation of velocity spectrum with time for the case of the traffic flow is not as
significant as that for the case of the single heavy truck. For instance, the peak value of the velocity spectrum
shown in Fig. 11(b) is about 1.8� 10�9m2/s at the 2nd second whereas the peak value at the 6th second is
about 2.2� 10�9m2/s.

Figs. 12 and 13 display the evolutionary spectra of the absolute velocity at the centre of the second floor of
the building in the x- and y-direction (the u- and v-component), respectively, at the time instant of 2, 3, 6, and
10 s due to the single heavy truck and the traffic flow. The similar observations to the w-component can be
made for the u- and v-component, that is, the variation of the velocity spectrum with time is more significant
for the case of the single heavy vehicle than for the case of the traffic flow. Furthermore, there are more peaks
in the velocity spectra for the x-direction and the y-direction than for the z-direction. Like in the z-direction,
the first dominant frequency in the velocity spectra for the x- and y-direction corresponds to the dominant
frequency in the ground motion spectra for the x- and y-direction, respectively. Apart from the first dominant
frequency, the other dominant frequencies in the velocity spectra for the x-direction and the y-direction are
different from those for the z-direction. These phenomena are mainly because the natural frequencies of the
building in the x-direction and the y-direction are different from those in the z-direction. It is also noted that
the evolutionary spectrum reaches its maximum in the x-direction at the 3rd second but in the y- and
z-direction at the 6th second. This is because the ground motion in the x-direction at the building location is
actually parallel to the motion direction of the vehicles. When the vehicles pass by the building, the ground
motion in the x-direction at the building location becomes small so that the maximum value in the velocity
spectrum for the x-direction does not occur at the moment when the vehicles pass by the building. It is also
observed that the maximum value of the spectrum in the x-direction is much smaller than that in the
z-direction. For instance, the maximum value of the spectrum in the x-direction for the case of the traffic flow
is less than 7� 10�10m2/s whereas the counterpart in the z-direction is about 22� 10�10m2/s, which further
supports the preceding explanation.
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In accordance with the BBN criteria, the maximum spectrum in each direction is converted to the
one-third octave band velocity spectrum and compared with the BBN criteria. The one-third octave band
velocity response spectra at the centre of the second floor of the building in the three directions are
depicted in Fig. 14(a) for the case of the single heavy truck and in Fig. 14(b) for the case of the traffic flow. It
can be observed that the vibration levels of the second floor all exceed the VC-E level specified for the
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extremely sensitive equipment. The vibration levels caused by the traffic flow are higher than those
by the single heavy truck. For a given traffic condition, the vibration level in the z-direction is the highest
among the three directions. Hence, some measures shall be employed to mitigate traffic-induced building
vibration.
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It should be pointed out that this investigation is a preliminary study, which does not consider the effects of
soil–structure interaction (SSI) and wave passage on the building response caused by traffic-induced ground
motion. Although the effects of SSI and wave passage on the building response caused by earthquake induced
ground motion have been studied extensively, the study on the counterpart caused by traffic-induced ground
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motion is very limited. This is partially because the ground motion induced by traffic is often much smaller
than that induced by earthquake and the SSI in the case of traffic is not as significant as that in the case of
earthquake. This is particularly true when the high-tech building foundation sits on stiff soil. Nevertheless, the
effects of SSI and wave passage on the building response caused by traffic-induced ground motion deserve
further study.
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6. Concluding remarks

The framework for quantifying building responses to traffic-induced ground motions has been presented in
this study. The framework involves the simulation of vehicle distribution along a roadway, the consideration
of both Rayleigh and body wave effects on traffic-induced ground motion, the development of evolutionary
ground response spectra, and the quantification of evolutionary response spectra of three-dimensional
buildings in close proximity to the roadway. A case study using a typical high-tech building in proximity to a
roadway has been conducted using the proposed framework. The effects of two traffic conditions, a single
heavy truck and a traffic flow, have been investigated. The results show that within lower dimensionless
frequency range or shorter radial distance range, the consideration of Rayleigh wave effects only may
underestimate the ground frequency-response function and the ground displacement spectra. The results also
show that the velocity responses of the high-tech building due to the traffic flow are larger than those due to
the single heavy truck. The case study finally uncovered that the traffic-induced ground motions impede the
normal operation of sensitive equipment housed in the building, and some measures should be taken to reduce
traffic-induced vibration. It is worthwhile to pint out that the SSI and the spatial variation of ground motions
among the building supports are ignored in this study and shall be investigated in the near future.
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